INTRODUCTION
The volatile constituents of tobacco leaf and their alterations during curing and ageing are of considerable interest since their structures will provide information on the chemical processes during each stage and also on the quality of the product. In this laboratory, investigations of these topics are in progress and the present paper discusses the initial phase constituting selection and evaluation of a suitable collection method.
Previous studies of the volatile constituents of tobacco, reviewed by Stedman (1) . have shown the presence of a large nwnber of compounds, and more recent studies employing advanced analytical techniques have established that many of the important aroma compounds occur only in very low concentration (2) (3) (4) (5) . In view of this, a sampling method was required which would provide sufficient quantities of material to obtain information on the trace components, since these are bound to be of importance when evaluating the alterations occurring on curing and ageing. Recently, a method was developed in this laboratory for this purpose, employing active charcoal trapping of volatile constituents and their subsequent liberation with dimethyl ether and propane (6) . A successful preliminary comparison between fermented and non-fermented Virginia tobacco was achieved. However, since our further studies of the curing and ageing processes will involve the collection of a large number of samples, and the previous method proved to be laborious, its simplification or the adoption of a superior method was considered desirable. Methods involving steam distillation, or solvent extraction followed by distillation of the extract were excluded since they were judged still more laborious and less reproducible (7). Furthermore, the steam distillation-procedure is likely to lead to the formation of artefacts (8) . It hence became of interest to explore the possible advantages of direct distillation of tobacco by a technique adapted from one previously developed in this laboratory and successfully applied to tobacco extracts (9), involving the use of carbon dioxide as carrier gas and simultaneous condensation of both distillate and carrier gas. The improvements introduced and the advantages and disadvantages of the modified carbon dioxide distillation and charcoal trapping methods are described below.
• ReceiTed for pnblicuion: J.Otb Oe~ober, 1972.
EXPERIMENTAL
Greek tobacco (Serres, 1()68) with 11.60/o moisture content was prepared with a 1 mm cut before use. The ether and sodium sulphate used were purified as described earlier (10). The charcoal (Men:k's Active Charcoal for Gas Chromatography, .2<>--:3; mesh) was prepared for use by Soxhlet extraction with purified diethyl ether for four days. The extracted charcoal was kept Wl.der vacuum (water pump) and slowly heated to 400° C over a period of 6 hr. Remaining traces of impurities were removed by reducing the pressure further (10----8 mm) while keeping the temperature at 400° to 500° C. After cooling to room temperature, the charcoal was immediately transferred to glass bottles which were sealed and stored until required. Analytical gas chromatography was performed on a Varian 2700 instrument equipped with a capillary injector, a flame ionisation detector, and an Infotronlcs CRS .204 integrator. Gas chromatography in combination with mass spectrometry (GC-MS) was carried out an a modifled LKB 9000 instrument operated at 70 eV, in which the original gas chromatograph had been replaced by a home-made unit equipped with a capillary injector, a device for the introduction of make-up gas, a splitter, and a flame ionisation detector (11).
Carbon Dioxide DisH/lation Method
The apparatus previously described (9) was converted to an "open" system, see Fig. 1 . The tobacco was filled into flask A which was immersed in a thermostatcontrolled water bath after which the distillation system was evacuated. Carbon dioxide ofhighpurity (>99·99°/o COt) was passed through a 6lter of active charcoal and a heat exchanger into flask A and finally condensed in flask B, which was kept at -180° C by means of a liquid nitrogen bath. To check for possible throughsystem losses, a filter of active charcoal was inserted between the pump and the collection flask. Three distillation runs, employing different water-bath temperatures (20°, 40°, and 85° C) were carried out but only two of them, the 40° and 85° C runs, were found satisfactory since the yield encountered in the 20° C run was very low. The distillations were carried out at reduced pressure (o.o:1 mm Hg) and each batch of tobacco kept under the selected distillation conditions for 6ve successive ninety-DOI: 10.2478/cttr-2013-0302 minute periods, during which the carbon dioxide flow (ea. 2. Vmin.) was alternately on and off for threeminute intervals. The solidified carbon dioxide was removed by sublimation under cold conditions (-2.0° Cl 760 mm Hg) and the distillate, containing water and organic materials, subsequently extracted with ether (2. X 2.5 ml). The combined ether solutions were dried (NasS04) and concentrated by three-stage distillation as described below. In the 40° and 85° C runs, the required volatiles were obtained in fair yields (o.u g and o.85 g, uncorrected for residual solvent) from the tobacco (340 g and 310 g, respectively).
In each case, ether extraction of the active charcoal filter attached to flask B to check for possible through-system losses, followed by concentration using the three-stage distillation method yielded only negligible quantities of material.
Charcoal Trapping Method
The apparatus, shown in Figure 2 ., was adapted from that previously described (6) by conversion to a "closedloop" system and by the inclusion of a third charcoal filter in the gas-stream after the silicone-rubber lined Bottom f i l t e rmembrane pump. ·Each filter (3.3 X 9 cm) contained purified activated charcoal (2.5 g). For each collection, the column (17 X 100 cm) was packed with tobacco (3.5 kg) and the charcoal filters set into the system ·which was then purged with nitrogen before sealing. In operation, a gas flow of 7·5 Vmin. was achieved and the ambient temperature could be adjusted to 2.0° or 40° C by means of a polystyrene environmental cabinet equipped with a thermostat-controlled fan heater. After fourteen. days, the tobacco moisture. content was unchanged in each case. The bottom filter was removed for Soxhlet extraction with purified ether (6oo ml, 6o hr.). The solution thus obtained was concentrated in three stages as described below. The bottom filter concentrates from the 2.0° and 40° C colle(:tions were clear viscous yellow-brown liquids (2..07 g and 4·34 g, respectively, uncorrected for residual solvent). Repeated ether extraction of the bottom filter, and also of the top and scrubbing filters, yielded only negligible amounts of material. Charcoal .trapping at 85° C was carried out but the tobacco degraded rapidly and extensively as judged by a marked colour change later shown to be associated with structural alteration. The resulting volatile concentrates could not, therefore, be regarded as representative and were discarded.
Three-Stage Concentration Method
Each ether extract obtained was concentrated in three stages, initially employing a vacuum-jacketed Vigreux column (6o X 1.5 cm) packed with nickel Dixon rings (3 mm) and equipped with a: reflux head (reflux ratio 5 :1, waterbath temperature 40° C). The resulting concentrate (40 ml) was further distilled using a silvered vacuumjacketed column (25 X 1.5 cm) packed with nickel Dixon rings (3 mm) and equipped with a reflux head (reflux ratio 5 :1, water-bath temperature slowly increased during the distillation to 55° C). The final concentration was accomplished by means of a home-made Dufton-type column (30 cm) consisting of a sealed central glass tube {6 mm o. d.), wrapped with a 1 cm-pitch spiral of stainless steel wire (1 mm) which in turn is enclosed by an outer glass tube (8 mm i. d.) with teflon-sleeved B-10 joints at top and bottom. The outer glass tube, ensuring a tight fitting of the spiral between glass surfaces, is itself wrapped with three separate heating sections of Kanthal wire (2. X 0.1 ~) and fitted with a 3 cm air-jacket (closed With asbestos at top and bottom) and a semi-miero reflux head. Each heating section is equipped with a variable current supply and a teflon-insulated thermocouple. The currents are adjusted to give outer surface temperatures of 38°, 37°, and 36° C at the bottom, middle, and top sections respectively. The bottom of the column and the waterbath itself are enclosed in an environmental cabinet held at 45° C to eliminate condensation problems at the lower B-10 joint. In operation, the concentrate (10 ml) obtained from the second stage was put into a pear-shaped flask (15 ml) and attached to the column. The required cur~ents were supplied to the heating sections and the flask immersed in a thermostat-controlled water-bath. With the reflux ratio held at 10 :1, the water-bath temperature was gradually increased from 40° to 65° C until the distillation slowed markedly. The cabinet, water-bath, and reflux head were removed and the column stoppered at the top prior to immersion of the distillation flask in a Dry Ice/acetone bath. With the system thus under partial vacuum and the column heating still in operation, the result was a downward distillation of volatiles held in the spiral. After ea. ten minutes, the flask was removed, purged with nitrogen, and sealed for storage at--90° C. In a test of the efficiency of the distillation system, a mixture (470 mg) of n-pentane, n-hexane, n-heptane and n-octane in equal proportions by weight was dissolved in ether (1ooo ml) and the solution concentrated as above. The concentrate was analysed using a .2. m squalane packed column and the recoveries, evaluated from integrator data, were as follows: n-pentane o 0 /o, n-hexane 85°/o, n-heptane 100°/o, and n-octane 1oo0fo.
Similarly, in a test of the overall efficiency of the system and an evaluation of the possible instability of various classes of compounds during distillation, use was made of the previously described (6) six-component mixture (equal parts by weight of isopropyl acetate, n-pentane-1-ol, .zE-hexene-1-al, linalool, isovaleric acid, and carvone). The mixture (614 mg) was dissolved in ether (1ooo ml) and the solution concentrated as above prior to estimation of the individual recoveries by GC-integration using a glass capillary column (50 mm X 0·35 mm i. d.) coated with Ucon HB 5100 oil. All six components were recovered in quantitative yield and, in particular, the trace impurities observed before distillation were present in the same concentrations and no artefacts were observed.
Overall Recovery Test of the Charcoal Trapping Method
The six-component mixture (695 mg) was transferred onto purified activated charcoal (2o g) as previously described (6) . The charcoal was then Soxhlet-extracted for two 48-hour periods with ether (2 X 200 ml) and the solutions separately concentrated as above. For each concentrate, quantitation of the individual and total 
GC and GC-MS Analysis of Tobacco Volatile Concentrates
Gas chromatography of the carbon dioxide distillation and the charcoal trapping concentrates was performed on a glass capillary column (50 m X 0.35 mm i. d.) coated ,with Ucon oil HB-2ooo (earner gas: 2 ml/min. of Ns; program rate: 4°/min.). Evaluation of integrator data and subsequent GC-MS studies provided the results detailed in Table 2 ;
RESULTS AND DISCUSSION
Prior to comparison, the two selected methods were improved with respect to the present aims. Thus, the carbon dioxide distillation method (9) now applied directly to tobacco, was converted to an "open" system ( Fig. 1) . This modification, which involved connection of the pump to the condenser flask to allow continuous pumping during the distillation, was introduced to eliminate the pressure increase which otherwise occurs during prolonged operation times and leads to reduced yields. Similarly, the charcoal trapping system, previously used for studying fermented and non-fermented Virginia tobacco (6), was modified to a "closed-loop" three-filter form ( Fig. 2) and nitrogen was adopted as carrier gas to limit exogenous contamination and alteration of trapped compounds. Also, the method previously used for extraction of the volatile compounds collected on the charcoal employing propane and dimethyl ether under pressure (6) was replaced by a simpler procedure using ether. The higher boiling point of ether would lead to serious losses of volatile material during a one-stage concentration of the extracts and the distillation was therefore carried out in three stages to permit suitable adjustment of the extract volume to the optimal capacity of the distillation columns. The first two steps consisted of concentration with the aid of columns packed with Dixon rings. The final concentration was achieved with a micro Dufton column equipped with three separately adjustable heating coils. This procedure was also used for concentrating the ether extracts obtained from the carbon dioxide distillation. The effects. of these modifications were evaluated using procedures employed previously (6) . A test of the distillation system using a very dilute ether solution of an n-alkane mixture showed that n-hexane was recovered in 8 5 per cent yield and the higher homologues quantitatively, while n-pentane, only differing from ether in boiling point by one degree, was completely lost. When compared to the reported method, previously tested by separating the same n-alkane mixture from a very dilute propane solution, the new system provides a sharper "cut-off" and higher yields of hexane and heptane but not of pentane. It has previously been demonstrated (12) that severe losses can easily occur when concentrating very dilute solutions. One reason for the successful recoveries with the present system may be that the heating bath temperatures have been kept as low as possible, and therefore the distillation slows markedly when the solvent concentration becomes sufficiently low. The result is that a fair amount of solvent is always present in the final concentrate, in contrast to the previous method (6) . This is, however, of minor importance for the analyses of the extracts. The overall efficiency of the dtarcoal trapping technique was evaluated using a six-component mixture (isopropyl acetate, n-pentane-1.-ol, 2E-hexene-1.-al, linalool, isovaleric acid and carvone). A separate three-stage distillation test was carried out with this mixture, and quantitative recovery of all the components was achieved. After repeated Soxhlet extraction with ether of charcoal carrying the six-component mixture, the individual constituents were analysed by means of gas chromatography. This experiment revealed, as indicated in Table 1 ., that by far the major portion of the adsorbed compounds was extracted within the first two days and that the concentrates, as in the case of the earlier method, contained no observable artefacts. The total yields of the individual compounds after four days extraction were on the average above 8o 0 /o. The present procedure, therefore, besides being more convenient than that reported previously, provided uniformly higher recoveries. With these favourable results for the modified procedures available, comparison of the two collection methods was undertaken using sun-cured Greek tobacco, whieh was selected since the analysis of its solventextractable constituents is already a well-advanced project in this laboratory. Each method was evaluated at two temperature levels, namely 40° and 85° C for the carbon dioxide distillation and 20° and 40° C for the charcoal trapping to obtain comparative distribution data. Initially, both methods were employed at room temperature (20° C), but the carbon dioxide distillation method yielded very small amounts of material. Since previous experience from carbon dioxide distillation of tobacco extrads at 85° C (1.o) showed that this was the upper temperature limit yielding a suitable distillate for gas chromatography, the 85° C operating temperature level was selected. However, charcoal trapping at this temperature resulted in rapid degradation of the tobacco, and the 40° C operating temperature was adopted to eliminate this problem. Examination of the samples by gas chromatography in combination with mass spectrometry showed that the two methods gave material of qualitatively similar composition (cf. Table 2 ), while significant quantitative differences could be observed, particularly with respect to the more volatile components. This result may be due to the fact that watersoluble compounds are partly or completely lost in the 1 , 3, 7, .0)-0.4 2.2 1.1 5.9 . dec-5-en-9-one 11. 1 , 3, 7, carbon dioxide distillation procedure when removing the tobacco-derived water from the distillate. The mixtures showed extreme complexity and only a limited number of compounds could be identified, since most overlapped each other in the gas chromatographic analyses. An example of one of the gas chromatograms demonstrates this (Fig. 3) . In order to obtain information on • the increased yields associated with the higher sampling temperatures, as well as to observe distribution differences between the compounds in the four concentrates~ the amount of the identmed compounds which occurred in at least three of them were calculated from the gas chromatographic analysis, and a;re shown in Table 2 .
As can be seen from the table, large distribution differences are observable between the two methods and also when the sampling temperature is raised. Although evaluation of other experimental parameters is essential for both methods, an increase in operating temperature greatly increases the total yield of volatiles mainly due, however, to increases in nicotine and neophytadiene. The effect is not simple, since the yields · of individual components are not increased in the same proportions. Accordingly, accurate temperature control is essential for both techniques. When taking other important factors into consideration such as product composition, time requirement, and applicability on a large scale, the following points may be noted. In the carbon dioxide distillation procedure, the composition of the distillate is somewhat distorted if the water-soluble components, as in the present study, are not recovered from the aqueous portion. In fact, equilibration of an ether-diluted aliquot of the charcoal trapping concentrate with water followed by· recovery and concentration of the ether-soluble volatiles demonstrated the complete loss of several components, e. g. acetic acid, compound 2, and nicotine. Complete recovery of such compounds from the carbon-dioxide distillate would· be both time-cons_\UI\ing and difficult.
Although the collection time is much greater for char- acidic, basic, and neutral fractions using aqueous media would eliminate this apparent advantage of the charcoal trapping method. A further scaling up of the methods, to obtain approximately 30 g of concentrate, our minimum requirement for a more detailed trace component study, was found to be greatly in favour of the charcoal trapping method. It appears likely that this situation would persist on increasing the scale further. Charcoal-trapping at 40° C was considered most favourable and is presently used in this laboratory for studying alterations of tobacco volatiles during curing and ageing. In this connection, rigorous tests of the reproducibility of this technique, on a large scale, are currently in progress.
SUMMARY
A vacuum distillation method, using carbon dioxide as a transport medium, was applied to tobacco and compared with a charcoal trapping technique with the ultimate aim of studying the alterations of tobacco volatiles during curing and ageing. Examination by gas chromatography in combination with mass spectrometry of the four samples obtained after concentration in three stages showed that they were qualitatively similar, especially with respect to the more abundant constituents.· The relative concentration of certain more volatile substances was, however, higher in the case of charcoal trapping, primarily because water-soluble components were not completely recoverable after carbon dioxide distillation. Evaluation of each method at two temperature levels showed that the yields increased markedly with temperature, mainly arising from unproportionally large increases in the concentrations of the major components, nicotine and neophytadiene. Thus, precise operation temperature control is required, especially in terms of
